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MAGNETIC MEMORY WITH CIRCUIT TO
SUPPLY SHIFT PULSE TO MOVE A
DOMAIN WALL IN A MAGNETIC BODY

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application 1s based upon and claims the benefit of
priority from. Japanese Patent Application No. 2020-

019893, filed Feb. 7, 2020, the entire contents of which are
incorporated herein by reference.

FIELD

Embodiments described herein relate generally to a mag-
netic memory.

BACKGROUND

Research and development of magnetic memories using,
magnetic materials has been performed. However, 1n gen-
eral, the reliability of such magnetic memories needs to be
improved.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram 1illustrating a configuration example of
a magnetic memory according to a first embodiment.
FIG. 2 1s an equivalent circuit diagram illustrating a

memory cell array 1n a magnetic memory according to a first
embodiment.

FIG. 3 1s a perspective view 1llustrating aspects of a
memory cell unit 1n a magnetic memory according to a first
embodiment.

FIG. 4 1s a cross-sectional view 1llustrating aspects of a
memory cell unit 1n a magnetic memory according to a first
embodiment.

FIG. 5 1s a diagram 1illustrating a modification example of
a memory cell unit 1n a magnetic memory according to a first
embodiment.

FIGS. 6 A and 6B are diagrams 1llustrating aspects related
to pulses of a shift operation 1n a magnetic memory accord-
ing to a first embodiment.

FI1G. 7 1s a diagram 1llustrating aspects related to pulses of
a shift operation 1n a magnetic memory according to a {irst
embodiment.

FIG. 8 1s a diagram 1llustrating aspects related to an
operation example of a magnetic memory according to a first
embodiment.

FIG. 9 1s a flowchart illustrating aspects related to an
operation example of a magnetic memory according to a first
embodiment.

FIGS. 10A to 10C are diagrams 1llustrating aspects related
to operation examples of a magnetic memory according to a
first embodiment.

FIGS. 11 A to 11C 1illustrate aspects of operation examples
ol a magnetic memory according to a first embodiment.

FIG. 12 1s a graph related to aspects of an operation
example ol a magnetic memory according to a first embodi-
ment.

FIG. 13 1s a diagram 1illustrating aspects of an operation
example ol a magnetic memory according to a first embodi-
ment.

FIG. 14 1s a diagram 1illustrating aspects of an operation
example of a magnetic memory according to a first embodi-
ment.
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2

FIG. 15 1s a diagram illustrating aspects of a magnetic
memory according to a second embodiment.

FIG. 16 1s a diagram illustrating aspects an operation
example of a magnetic memory according to a second
embodiment.

FIG. 17 1s a diagram 1illustrating aspects ol a magnetic
memory according to a third embodiment.

FIGS. 18A and 18B are diagrams illustrating aspects of a
magnetic memory according to a third embodiment.

FIG. 19 1s a diagram 1llustrating aspects ol a magnetic
memory according to a fourth embodiment.

FIG. 20 1s a diagram illustrating aspects of a magnetic
memory according to a fifth embodiment.

FIGS. 21A and 21B are diagrams illustrating aspects of a
magnetic memory according to a fifth embodiment.

FIG. 22 cross-sectional view illustrating aspects of a
modification example of a magnetic memory according to a
fitth embodiment.

FIG. 23 15 a diagram 1llustrating aspects of a modification
example of a magnetic memory according to a fifth embodi-
ment.

FIG. 24 1s a perspective view illustrating aspects of a
modification example of a magnetic memory according to a
fifth embodiment.

FIG. 25 1s a perspective view illustrating aspects of a
modification example of a magnetic memory according to a
fifth embodiment.

FIG. 26 1s a perspective view illustrating aspects of a
modification example of a magnetic memory according to a
fifth embodiment.

DETAILED DESCRIPTION

In general, according to one embodiment, a magnetic
memory comprises a magnetic body including: a first por-
tion that has a first dimension 1n a first direction, a second
portion that has the first dimension and spaced from the first
portion 1n a second direction, and a third portion that has a
second dimension, which 1s greater than the first dimension,
in the first direction. The third portion 1s between the first
portion and the second portion 1n the second direction. A
circuit 1s configured to supply a shift pulse to the magnetic
body to move a domain wall 1n the magnetic body along the
second direction. The shift pulse comprises a first pulse and
a second pulse. The first pulse has a first pulse width. The

second pulse has a second pulse width less than the first
pulse width. The second pulse 1s after the first pulse 1n the
shift pulse.

With reference to FIGS. 1 to 26, a magnetic memory of
various example embodiments 1s described.

Herematter, with reference to the drawings, the certain
non-limiting embodiments are more specifically described.
In the following description, elements having the same
function and configuration are denoted by use of the same
reference symbols.

In the following description of embodiments, certain
clements (for example, circuits, wirings, and various volt-
ages and signals) having reference symbols incorporating
suflixes of numbers or letters for distinction between difler-
ent instances of the same element type will be described.
When it 1s not necessary to distinguish between elements of
the same element type 1n the description, the suflixes on such
reference symbols may be omitted. The use of reference
symbols without suflixes in such a context indicates the
description 1s applicable to each element of the element type.
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3
EXAMPLE EMBODIMENTS

(1) First Embodiment

With reference to FIGS. 1 to 14, a magnetic memory of

the first embodiment and a control method thereof are
described.

(a) Configuration Example

With reference to FIGS. 1 to 5, a configuration example
of the magnetic memory of the first embodiment 1is
described.

(a-1) Overall Configuration

FIG. 1 1s a block diagram illustrating a configuration
example of a magnetic memory of the first embodiment.

For example, a magnetic memory 1 of the first embodi-
ment 1s a so-called “domain wall memory.”

As 1llustrated 1in FI1G. 1, the domain wall memory 1 of the
first embodiment (also referred to as a domain wall shait
memory) includes a memory cell array (100 (also referred to
as a memory area), a row control circuit 110, a column
control circuit 120, a writing circuit 140, a reading circuit
150, a shifting circuit 160, an I/O circuit 170, a voltage
generation circuit 180, and a control circuit 190.

The memory cell array 100 includes a plurality of mag-
netic bodies 50 and a plurality of pieces of wiring. Each of
the magnetic bodies 30 1s connected to one or more pieces
of corresponding wiring (for example, a word line and a bit
line). The data 1s stored 1n memory cells MC via operations
on the magnetic bodies 50.

The row control circuit 110 controls a plurality of rows of
the memory cell array 100. A decoding result of an address
(e.g., a row address) 1s supplied to the row control circuit
110. The row control circuit 110 sets a row (for example, a
word line) based on the decoding result of the address to a
selected state. Hereinafter, a row (or a word line) set to the
selected state 1s referred to as a selected row (or a selected
word line). A row except for the selected row 1s referred to
as a non-selected row (or a non-selected word line).

For example, the row control circuit 110 includes a
multiplexer (a word line selection circuit) and a word line
driver and the like.

The column control circuit 120 controls a plurality of
columns of the memory cell array 100. A decoding result of
the address (the column address) from the control circuit 190
1s supplied to the column control circuit 120. The column
control circuit 120 sets a column (for example, at least one
bit line) based on the decoding result of the address to a
selected state. Hereinaliter, a column (or a bit line) set to a
selected state 1s referred to as a selected column (or a
selected bit line). The column except for the selected column
1s referred to as a non-selected column (or a non-selected bit
line).

The column control circuit 120 includes a multiplexer
(also referred to as a bit line selection circuit), a bit line
driver, and the like.

The writing circuit 140 (also referred to as a writing
control circuit or a writing driver) performs various kinds of
controls for a write operation (also referred to as writing data
or data writing). During the write operation, the writing
circuit 140 supplies a writing pulse formed by a current
and/or a voltage to the memory cell array 100. Accordingly,
the data 1s written 1n the memory cell array 100 to a memory
cell.

For example, the writing circuit 140 1s connected to the
memory cell array 100 via the row control circuit 110.
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The writing circuit 140 includes a voltage source and/or
a current source, a pulse generation circuit, a latch circuat,

and the like.

The reading circuit 150 (also referred to as reading control
circuit or reading driver) performs various kinds of controls
for a read operation (also referred to as reading data or data
reading). During the read operation, the reading circuit 150
supplies a reading pulse (for example, a read current) to the
memory cell array 100. The reading circuit 150 senses the
voltage or the current value of the bit lines BL. The data in
the magnetic bodies 50 1s read based on the sensing result.

For example, the reading circuit 150 1s connected to the
memory cell array 100 via the column control circuit 120.

The reading circuit 150 includes a voltage source and/or
a current source, a pulse generation circuit, a latch circuit, a
sensing amplifier circuit, and the like.

The shifting circuit 160 (also referred to as a shift control
circuit or a shift driver) performs various kinds of controls
for a shift operation (referred to as shifting data or data
shifting). During the shiit operation, the shifting circuit 160
supplies a pulse (referred to as a shift pulse) for changing a
domain wall (magnetic domain) 1n the magnetic bodies 50 to
the memory cell array 100.

For example, the shifting circuit 160 1s connected to the
memory cell array 100 via the row control circuit 110 and
the column control circuit 120.

The shifting circuit 160 includes a voltage source and/or
a current source, a pulse generation circuit, and the like.
The writing circuit 140, the reading circuit 150, and the
shifting circuit 160 are not limited to circuits that are
independent from each other. For example, the writing
circuit, the reading circuit, and the shifting circuit share a
common element and may be disposed in the domain wall
memory 1 as one integrated circuit.

The input and output (I/O) circuit 170 1s an interface
circuit for transmitting and recerving various kinds of sig-
nals.

During the write operation, the I/O circuit 170 transmuits
data DT from an external device 2 (e.g., a controller or a host
device) to the writing circuit 140 as write data. During the
read operation, the I/O circuit 170 transmits data output from
the memory cell array 100 to the reading circuit 150, to the
external device 2 as read data. The I/O circuit 170 transmaits
an address ADR and a command CMD from the external
device 2 to the control circuit 190. The I/O circuit 170
transmits and receives various control signals CNT between
the control circuit 190 and the external device 2.

The voltage generation circuit 180 generates voltage for
various kinds of operations of the memory cell array 100 by
using a supply voltage provided from the external device 2
(or a power supply). For example, during the write opera-
tion, the voltage generation circuit 180 outputs various
voltages generated for the write operation to the writing
circuit 140. During the read operation, the voltage genera-
tion circuit 180 outputs various voltages generated for the
read operation to the reading circuit 150. During the shiit
operation, the voltage generation circuit 180 outputs various
voltages generated for the shift operation to the shifting
circuit 160.

The control circuit 190 (also referred to as a state
machine, a sequencer, or an internal controller) controls an
operation for each circuit imn the domain wall memory 1

based on the control signals CN'T, the address ADR, and the
command CMD.

For example, the control circuit 190 has a command
decoder, an address decoder, a latch circuit, and the like.
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For example, the command CMD 1s a signal indicating an
operation to be performed by the domain wall memory 1.
For example, the address ADR 1s a signal indicating coor-
dinates of one or more memory cells (referred to as selected
cells) to be operated m the memory cell array 100. The
address ADR includes a row address and a column address
of the selected cell. For example, the control signals CNT
are signals for controlling operation timings between the
magnetic memory 1 and the external device 2 and operation

timings inside the magnetic memory 1.

(a-2) Memory Cell Array

With reference to FIGS. 2 to 4, a configuration example
of the memory cell array of the domain wall memory
according to the first embodiment 1s described.

FIG. 2 1s a schematic view 1illustrating a configuration
example of the memory cell array in the domain wall
memory of the first embodiment.

As 1llustrated 1n FI1G. 2, 1n the domain wall memory of the
first embodiment, a plurality of magnetic bodies 50 are
provided in the memory cell array 100.

A plurality of magnetic bodies 30 1s two-dimensionally
arranged within the memory cell array 100 on a substrate.
Each of the magnetic bodies 50 extends 1n a perpendicular
direction (7 direction) 1n relation to the upper surface of the
substrate (X-Y plane).

A plurality of word lines WL and a plurality of bit lines
BL are provided in the memory cell array 100. The plurality
of word lines WL are spaced from each other along the Y
direction. The word lines WL extend in the X direction. The
plurality of bit lines BL are spaced from each other 1n the X
direction. The bit lines BL extend 1n the Y direction.

In this example, the bit lines BL are provided above the
word lines 1n the Z direction.

The magnetic bodies 50 are provided at positions corre-
sponding to 1ntersections (or crossing points) for the word
lines WL and the bit lines BL. One end of each magnetic
body 50 1s connected to a word lines WL. The other end of
cach magnetic body 50 1s connected to a bit line BL.

The magnetic bodies 50 aligned with each other along the
X direction are connected to the same word line WL. The
magnetic bodies 50 aligned with each other 1n the Y direc-
tion are connected to the same bit line BL.

In this example, reproducing elements 10 and switching,
clements 20 are connected between the bit lines BL and the
magnetic bodies 50.

The reproducing elements 10 are between the magnetic
bodies 50 and the switching elements 20. The reproducing
clements 10 are electrically connected to the magnetic
bodies 50 and the switching elements 20. For example, the
reproducing elements 10 are connected to the magnetic
bodies 50 via magnetic layers 59.

During the read operation of the domain wall memory 1,
the reproducing elements 10 function as an element for
reading data in the magnetic bodies 50 (and may thus be
referred to as a reading element 10 in some contexts).

The switching elements 20 are provided between the
reproducing elements 10 and the bit lines BL. The switching
clements 20 are electrically connected to bit lines with the
reproducing elements 10.

The switching elements 20 are used for controlling con-
nections between the magnetic bodies 50 and the bit lines
BL. When the switching elements 20 are set to the on state,
the magnetic bodies 30 are electrically connected to the bit
lines BL. When the switching elements 20 are set to the off
state, the magnetic bodies 50 are electrically separated from

the bit lines BL..
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For example, the on and off states of the switching
clements 20 are controlled by controlling potential difler-
ences between the bit lines BL and the word lines WL.
Accordingly, one or more magnetic bodies 50 from among
the plurality of magnetic bodies 50 of the memory cell array
100 can be selected (operated).

Conductive layers WRL (also referred to as wiring in
some contexts) are provided above the magnetic layers 59 1n
the 7 direction. For example, the conductive layers WRL
extend in the X direction in areas between the bit lines BL
and the magnetic layers 59. The conductive layers WRL
extend over the plurality of magnetic layers 59.

During the write operation of the domain wall memory 1,
the conductive layers WRL are wiring for writing data (and
may be referred to as write wiring WRL) 1n the magnetic
field wrnting method. During the write operation of the
magnetic field writing method, the writing pulse (also
referred to as a write current) 1s supplied to the write wiring
WRL. By the write current, magnetic ficlds are generated
around the write wiring WRL. The generated magnetic fields
are applied to the magnetic layers 39. According to direction
of the generated magnetic field, the direction of magnetiza-
tion MM of the magnetic layer 59 and the magnetic body 50
connected to the magnetic layer 39 1s set. Accordingly, the
data 1s written 1n the magnetic bodies 50.

The direction of the magnetic field changes according to
the direction in which the write current tlows in the write
wiring WRL. Therefore, the direction 1n which the write
current tlows 1n the write wiring WRL 1s set according to the
data to be written.

A plurality of memory cells MC 1s provided 1n each of the
magnetic bodies 50. The memory cells MC are arranged
along the Z direction in the magnetic bodies 50. Accord-
ingly, the memory cells MC are three-dimensionally
arranged within the memory cell array 100.

Each of the memory cells MC includes cell portions 510
(also referred to as data storage portions). The cell portions
510 are areas (portions) 1 the magnetic bodies 50 that
correspond to the memory cells MC. The cell portions 510
are magnetic areas (magnetic portions) that can have a
magnetization MM.

When the memory cells MC store data, the cell portions
510 have the magnetization MM according to stored data.
That 1s, the data stored 1n the memory cells MC 1s associated
with the direction of the magnetization MM of the individual
cell portions 510.

The magnetic bodies 30 have perpendicular magnetic
anisotropy or in-plane magnetic anisotropy. The easy mag-
netization axis direction of the cell portions 510 depends on
the magnetic anisotropy of the magnetic bodies 50.

Heremafiter, a configuration including memory cells MC,
a reproducing element 10, and a switching element 20 in one
magnetic body 50 1s referred to as a memory cell unit (MU).
Such a memory cell umit may also be referred to as a memory
cell string).

(a-3) Memory Cell Unit

FIG. 3 1s a schematic perspective view illustrating a
structural example of the memory cell unit 1n the domain
wall memory according to the first embodiment. FIG. 4 1s a
schematic cross-sectional view 1illustrating a structural
example of the memory cell unit in the domain wall memory
of the first embodiment.

As 1llustrated 1n FIGS. 3 and 4, the magnetic bodies 50 are
provided above a substrate 9 1n the Z direction. The mag-
netic body 50 comprises a magnetic layer (referred to as a
domain wall moving layer). In this example, the magnetic
body 50 1s a magnetic layer that 1s a tube-like structure (for
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example, hollow cylinder-like structure) extending in the Z
direction. The magnetic body 50 1s, for example, between
two 1nsulators portions (1nsulator 93 and insulator 95) in
directions parallel to the upper surface of the substrate 9. In
some examples, msulator 93 may not be provided.

For example, the magnetic body 50 1s a material including
at least one element selected from the group consisting of
cobalt (Co), 1iron (Fe), nickel (N1), manganese (Mn), and
chromium (Cr), and at least one element selected from the
group consisting of platinum (Pt), palladium (Pd), indium
(Ir), ruthenium (Ru), and rhodium (Rh). More specifically,
the material of the magnetic body 50 1s CoPt, CoCrPt, FePt,
CoPd, FePd, or the like. The material of the magnetic body
50 1s not limited to the above matenal, and other magnetic
materials may be used.

The magnetic layers 59 are provided at the upper end of
the magnetic bodies 50 1n the Z direction. For example, the
magnetic layer 59 has a circular planar shape when viewed
from the Z direction. The magnetic layer 59 may instead
have a rectangular planar shape. The dimension of the
magnetic layer 59 1n the directions parallel the substrate 9 1s
larger than a dimension D3 of the magnetic body 50.

The magnetic layer 59 1s connected to the magnetic body
50. For example, the magnetic layer 59 1s a layer continuous
with the magnetic body 50.

The magnetization of the magnetic layer 59 changes
according to the magnetization of the magnetic body 50. For
example, the direction of the magnetization of the magnetic
layer 59 1s the same as the direction of the magnetization of
the cell portion 510 directly connected to the magnetic layer
59. The cell portion 510 directly connected to the magnetic
layer 59 corresponds to the memory cell MCA positioned
nearest to bit line among the plurality of memory cells in the
memory cell unit MU.

The memory cell MCA functions as a reading cell during
the read operation and functions as a writing cell during the
write operation. In this context, the reading cell 1s a memory
cell for storing data from a memory cell being read during
the read operation. The writing cell 1s a memory cell in
which write data 1s temporarily written during the write
operation before transfer (movement) to another memory
cell MC 1n the memory cell unit MU.

A stacked body including the reproducing elements 10
and the switching elements 20 1s provided on the magnetic
layer 59.

The reproducing element 10 1s a magnetoresistive effect
clement.

The magnetoresistive effect element 10 1s provided on the
magnetic layer 59 in the Z direction. For example, the
magnetoresistive effect element 10 1s disposed at a position
of not overlapping with the magnetic body 350 1 the Z
direction.

The magnetoresistive eflect element 10 1s disposed on one
end side 1n the Y direction of the magnetic layer 59.

The magnetoresistive eflect element 10 1s electrically
connected to the magnetic layer 59.

For example, the magnetoresistive effect element 10
includes two magnetic layers 11 and 12 and a nonmagnetic
layer 13.

The nonmagnetic layer 13 1s provided between the two
magnetic layers 11 and 12 in the Z direction. The two
magnetic layers 11 and 12 and the nonmagnetic layer 13
form a magnetic tunnel junction (MTJ). Hereinafter, the
magnetoresistive eflect element 10 including a magnetic
tunnel junction 1s referred to as an MTJ element. The
nonmagnetic layer 13 of the M1 element 10 1s referred to
as a tunnel barrier layer.
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For example, the magnetic layers 11 and 12 are ferro-
magnetic layers including cobalt, iron, boron, and the like.
The magnetic layers 11 and 12 may be single-layer films or
may be multilayer films (for example, artificial lattice films).
The tunnel barrnier layer 13 1s, for example, an insulating film
including magnesium oxide. The tunnel barrier layer may be
single-layer films or may be multilayer films.

For example, each of the magnetic layers 11 and 12 has
in-plane magnetic anisotropy or perpendicular magnetic
anisotropy.

The easy magnetization axis direction of the magnetic
layers 11 and 12 having the in-plane magnetic anisotropy 1s
substantially parallel in relation to the layer surface (film
surface) of the magnetic layer. Here, each of the magnetic
layers 11 and 12 has substantially parallel magnetization 1n
relation to the layer surfaces of the magnetic layers 11 and
12. The direction of the magnetization of the magnetic layers
11 and 12 having the in-plane magnetic anisotropy 1s per-
pendicular 1n relation to the arrangement direction (Z direc-
tion) of the magnetic layers 11 and 12.

The easy magnetization axis direction of the magnetic
layers 11 and 12 having the perpendicular magnetic anisot-
ropy 1s substantially perpendicular in relation to the layer
surface (film surface) of the magnetic layer. Here, each of
the magnetic layers 11 and 12 has substantially perpendicu-
lar magnetization in relation to the layer surfaces of the
magnetic layers 11 and 12. The direction of the magnetiza-
tion of the magnetic layers 11 and 12 having the perpen-
dicular magnetic amisotropy i1s parallel in relation to the
arrangement direction (7 direction) of the magnetic layers
11 and 12.

The direction of the magnetization of the magnetic layer
11 1s variable. The direction of the magnetization of the
magnetic layer 12 1s invariant (fixed state). A magnetic layer
11 for which the direction of the magnetization 1s variable 1s
also referred to as a storage layer 11. A magnetic layer 12 for
which the direction of the magnetization 1s invariant (fixed)
1s also referred to as a reference layer 12. The storage layer
11 may also be referred to as a free layer, a magnetization
free layer, or a magnetization variable layer. The reference
layer 12 may be also referred to as a pin layer, a pinned layer,
a magnetization invariant layer, or a magnetization fixed
layer.

The direction of the magnetization of the storage layer 11
and the direction of the magnetization of the magnetic layer
59 changes 1n an interlocking manner. For example, the
direction of the magnetization of the storage layer 11 1s the
direction of the magnetization of the magnetic layer 59.

The magnetic layer 39 may be used as a storage layer of
the MT1J element 10. Here, without disposing the magnetic
layer 11, the nonmagnetic layer 13 1s provided on the
magnetic layer 59 to be directly 1n contact with the magnetic
layer 59.

The expression “a direction of magnetization of a refer-
ence laver (magnetic layer) 1s invariant™ or the expression “a
direction of magnetization of a reference layer (magnetic
layer) 1s fixed state” means that, when a current, a voltage,
or a magnetic energy (for example, a magnetic field) that
changes a direction of magnetization of a storage layer 1s
supplied to the magnetoresistive eflect element 10, the
direction of the magnetization of the reference layer does not
change before or after the supply of the current, the voltage,
or the magnetic energy.

The switching element 20 i1s provided above the MTI
clement 10 1n the Z direction.

For example, the switching element 20 1s electrically
connected to the MT1J element 10 via a contact plug CP1 (or
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a conductive layer). Without interposing other members, the
switching element 20 may be directly connected to the MT1J
clement 10.

For example, the switching element 20 includes two
clectrodes 21 and 22 and a switching layer 23. The switching
layer 23 1s provided between the two electrodes 21 and 22.
The electrode 21 1s provided on the contact plug CP1 in the
/. direction. The switching layer 23 1s provided on the
clectrode 21 1n the Z direction. The electrode 22 1s provided
on the switching layer 23 1n the Z direction. The material of
the switching layer 23 1s transition metal oxide, a chalco-
genide compound, or the like.

The switching element 20 switches the electrical connec-
tion with the memory cell unit MU and the bit line BL. As
a result, activation or deactivation (selection or deselection)
of the memory cell unit MU can be controlled.

The resistance state of the switching layer 23 changes to
a high resistance state or a low resistance state according to
the supplied current (or the voltage).

Accordingly the switching element 20 1s set to the on state
(a low resistance state or a conductive state) when a current
equal to or more than the threshold current (or a voltage
equal to or more than a threshold voltage) of the switching
clement 20 1s supplied to the memory cell unit MU. The
switching element 20 1s set to the ofl state (high resistance
state or electrically non-connected state) when the current
less than the threshold current of the switching element 20
1s supplied to the memory cell unit MU.

The switching element 20 1n the ofl state electrically
separates the memory cell unit MU from the bit line BL.

The switching element 20 1n the on state can flow the
current into the memory cell MC. The switching element 20
in the on state supplies a current flowing from the bit line BL
side to the word line WL side or a current flowing from the
word line WL side to the bit line BL side to the memory cell
unit MU according to the potential diflerence between the bit
line BL and the word line WL. As such, the switching
clement 20 1s an element that can cause the current to tlow
to the memory cell unit MU 1n both directions.

A conductive layer 70 1s provided between the magnetic
body 50 and the substrate 9. The conductive layer 70 1s
provided on an insulating layer 90 that covers the upper
surface of the substrate 9. For example, the conductive layer
70 1s embedded 1n a groove of the msulating layer 90. The
conductive layer 70 extends 1n the X direction. The magnetic
layer or the conductive layer may be provided between the
conductive layer 70 and the magnetic body 50.

The conductive layer 70 1s used as the word lines WL. The

conductive layer 70 as the word line WL 1s electrically
connected to the row control circuit 110. The activation or
deactivation (selection or deselection) of the word line WL
1s controlled by the row control circuit 110.

A conductive layer 71 1s provided above the switching
clement 20 i the Z direction. The conductive layer 71 1s
clectrically connected to the switching element 20 via a
contact plug CP2. The conductive layer 71 extends in the Y
direction.

The conductive layer 71 1s used as the bit line BL. The
conductive layer 71 used as the bit line BL 1s electrically
connected to the column control circuit 120. The activation
or deactivation (selection or deselection) of the bit line BL
1s controlled by the column control circuit 120.

A conductive layer 75 1s provided 1n an insulating layer 98
between the magnetic layer 539 and the bit line BL. The
conductive layer 75 1s adjacent to the stacked body including
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the MT1J element 10 and the switching element 20 1n the Y
direction. The conductive layer 75 extends 1n the X direc-
tion.

The conductive layer 75 1s used as the write wiring WRL.
The conductive layer 75 as the write wiring 1s electrically
connected to the row control circuit 110 and the writing
circuit 140. The activation or deactivation of the write
wiring 735 1s controlled by the row control circuit 110. The
supply of a write current PWR to the write wiring WRL 1s
controlled by the writing circuit 140.

As 1llustrated 1n FIGS. 3 and 4, the dimension (for
example, the diameter of the tubular magnetic layer) of the
magnetic body 50 1n the parallel direction (the X direction
or the Y direction) 1n relation to the upper surface of the
substrate 9 periodically changes along the Z direction. The
magnetic body 50 1s constricted (reduced in size) at a
predetermined interval (period) along the Z direction.

The structure having a periodic dimension change (peri-
odical constriction) 1s referred to as a constriction structure.

A portion 519 i which the magnetic body 30 1s con-
stricted 1s referred to as a recess portion 519 (or a constric-
tion portion 519).

The range (area) AR1 including the recess portion 519
and having a certain dimension in the Z direction 1s referred
to as a constriction area AR1 (or a domain wall presence area
AR1). For example, the constriction areas AR1 1s an area
having a certain range with the recess portion 519 as a
center. The recess portion 519 1s an area having a certain
dimension. Therefore, the constriction areas AR1 may be
regarded as the recess portion 519.

A dimension D1 (a diameter of the tubular portion) of the
recess portion 519 in the parallel direction (the X direction
or the Y direction) in relation to the upper surface of the
substrate 1s smaller than a portion other than the recess
portion 519 in the constriction areas AR1. The end portion
520 1s provided at the terminal end of the constriction areas
AR1 1n the Z direction. For example, a dimension D2 (for
example, a diameter of the tubular portion) of the end
portion 520 in the X direction (or the Y direction) 1s larger
than the dimension D1.

The dimension D1 1s the minimum dimension of the
magnetic body 50 of the constriction structure i1n the X
direction (or the Y direction).

The magnetic body 50 includes the plurality of portions
510. One of the portions 510 1s provided between two of the
recess portions 319 arranged 1n the Z direction. The portions
510 project toward the outside of the tubular magnetic body
in a parallel direction 1n relation to the upper surface of the
substrate 9 relative to the recess portions 519. Hereinatter,
the portion 510 1s also referred to as the protrusion 3510.

The protrusion 510 substantially corresponds to the cell
portion of the memory cell MC.

The protrusion 310 1s provided 1n an area AR2 between
two of the constriction areas AR1 in the magnetic body 50.
Hereinafter, the area (range) AR2 between two of the
constriction areas AR1 1s also referred to as a cell area (a
magnetization area or a domain wall moving area) AR2.

One of the protrusions 310 1s provided between two of the
recess portions 519 in the Z direction. The recess portion 519
(the constriction area AR1) substantially corresponds to a
boundary portion of the adjacent cell portion 510 (the
memory cell MC) 1n the Z direction.

The protrusion 510 has a dimension D3 (a diameter of the
tubular portion) in the parallel direction (the X direction or
the Y direction) in relation to the upper surface of the
substrate 9. The dimension D3 of the protrusion 510 1s larger
than the dimension D1 of the recess portion 3519. For
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example, the dimension D3 1s the maximum dimension of
the magnetic bodies 50 of the constriction structure 1n the X
direction (or the Y direction). The dimension D3 of the
center portion of the cell area AR2 1s larger than the
dimension D2 of the end portion 520.

The dimension D3 1s larger than the dimensions D1 and

D2.

The dimension of the cell area AR2 1n the X direction (or
the Y direction) gradually decreases from the center portion
of the cell area AR2 to the recess portion 319. The volume
of the magnetic body (the magnetic layer) in the constriction

arca AR1 1s smaller than the volume of magnetic body 1n the

cell area AR2.

Each of the cell portions 510 (the cell areas AR2) 1n one
of the magnetic body 50 has magnetization (a magnetic
domain).

For example, the magnetic body 350 has perpendicular
magnetic anisotropy. The film surface (the layer surface) of
the tubular magnetic body 50 1s formed in a direction
parallel to the Z direction. Therefore, the easy magnetization
axis direction of the magnetic body 50 having perpendicular
magnetic anisotropy intersects to the Z direction. When the
magnetic body 50 has perpendicular magnetic anisotropy,
for example, the magnetic layer having the perpendicular
magnetic anisotropy 1s used for the magnetic layers 11 and
12 of the MTIJ element 10.

The magnetic body 50 may have mn-plane magnetic
anmisotropy. Here, the easy magnetization axis direction of
the magnetic bodies 50 1s parallel 1n relation to the Z
direction. When the magnetic body 50 has the in-plane
magnetic anisotropy, for example, the magnetic layer having,
the 1n-plane magnetic anisotropy 1s used for the magnetic
layers 11 and 12 of the MTJ element 10.

FIG. 5 1s a schematic view 1illustrating a modification
example of the magnetic body used in the memory cell unit
of the domain wall memory of the embodiment.

As 1llustrated 1n FIG. 5, the magnetic body (the domain
wall moving layer) 50 of the constriction structure in the
memory cell unit MU of the domain wall memory 1 may
extend 1n the parallel direction (for example, the X direction)
in relation to the front surface of the substrate 9. The
magnetic body 50 of the constriction structure of FIG. 3 1s
a flat plate-shaped magnetic layer.

Relating to the dimension of each portion of the plate-
shaped magnetic body 50 having the constriction structure,
the minimum dimension (the dimension of the recess portion
519) D1 of the constriction area AR1 1n the Y direction 1s
smaller than the maximum dimension (for example, the
maximum dimension of the protrusion 510) D3 of the cell
area AR2 in the Y direction.

When the memory cell MC stores data, the magnetic
domain 1s formed 1n the protrusion 510 by the magnetization
in the protrusion 510 (the cell area AR2). According to the
formation of the magnetic domain, the domain wall DW 1s
formed 1n the magnetic body 50.

When the plurality of memory cells MC of the magnetic
bodies 50 store data, one or more magnetic domains are
arranged along the Z direction.

In the domain wall memory 1 of the first embodiment, in
order to shift the data in the memory cell unit, the shait
operation of the domain wall 1s performed.

(b) Basic Example

With reference to FIGS. 6A to 12, a basic example of the
operation of the domain wall memory 1s described.
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(b-1) Shait Operation

FIGS. 6A and 6B are schematic views illustrated for
description of the shift operation of the domain wall
memory.

As 1llustrated in FIG. 6A, before the supply of a shait
pulse SP used 1n the shiit operation, each of the plurality of
memory cells has magnetization (a magnetic domain) cor-
responding to the stored data. For example, first piece of data
(one of “0” and *17) associates with the magnetization
toward the outside of the tubular magnetic body 50, and
second piece of data (the other one of “0” and “1”") associ-
ates with magnetization toward the inside of the tubular
magnetic body 50.

When the directions of the magnetization of two of the
adjacent memory cells MC are different from each other, the
domain wall DW 1s disposed 1n the constriction areas AR1.
Two of the cell areas AR2 corresponding to the adjacent
memory cells MC each have the magnetic domains MD
(MD1, MD2, and MD3) separated by the domain walls DW.

When the directions of the magnetization of the adjacent
memory cells MC are the same, the domain walls DW are
not formed in the constriction area AR1 between two of the
cell areas AR2 corresponding to the adjacent memory cells
MC. The adjacent cell areas having magnetization with the
same direction have the magnetic domains MD continuous
between two of the areas AR2. According to the arrangement
of “1”” and “0” of the data stored in the memory cell unit, one
of the magnetic domains MD may be formed to extend over
three or more cell areas AR2.

As 1llustrated 1n FIG. 6B, during the shift operation, the
shift pulse SP 1s supplied to the magnetic bodies 50. The
shift pulse SP flows in the magnetic body 50 from one end
of the magnetic body 50 to the other end of the magnetic
body 50.

When the shift pulse SP is supplied to the magnetic body
50, all of the domain walls DW in the magnetic body 50
move substantially at the same time 1n the magnetic body 350
by the shift pulse SP along the traveling direction (in an
opposite direction 1n relation to the traveling direction of the
shift pulse SP) of electrons. For example, the domain wall 1n
the shift operation moves by the domain wall driving force
resulting from spin transier torque (STT) and spin orbit
torque (SOT) generated 1n the magnetic body.

Along the traveling direction of electrons and the opposite
direction, the domain walls DW may move. The moving
direction of the domain wall can be controlled by the
material of the magnetic body, the material of the conductive
members stacked on the magnetic body, the position of the
conductive member with respect to the magnetic body, the
manufacturing condition, and the like. When conductive
members are stacked on the magnetic body, as the material
of the conductive member, platinum (Pt), tungsten (W),
tantalum (Ta), or the like may be used. However, the
material of the conductive member 1s not limited thereto.

In the following, as an example, a case where the domain
wall DW moves 1n the magnetic body along the traveling
direction of electrons by the shift pulse SP 1s described.

According to the movement of the domain walls DW, the
magnetization (magnetic domain) MD moves.

Accordingly, the data shiits 1n the magnetic body 50 1n the
memory cell unit.

The shift operation (movement of the domain wall and the
magnetic domain) 1s performed by the supply of the pulse
(for example, the current pulse) with respect to the magnetic
body 50 so that the domain wall DW 1s positioned in the
recess portion 519 of the magnetic body 50 of the constric-
tion structure.
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In the magnetic body 50 of the constriction structure, the
domain wall DW can be stably present in the magnetic area
(here, the constriction area AR1) having a smaller volume
than the magnetic area (here, the cell area AR2) having a
large volume.

Therefore, the domain wall DW moving by the shift
operation tends to be positioned 1n the recess portion 519
and 1n the area near the recess portions 519.

As a result, when the magnetic body 50 of the constriction
structure 1s used, controllability of the position of the
domain wall DW 1n the magnetic body 30 can be improved.

In the domain wall memory of the present embodiment,
the shift pulse SP includes a plurality of pulses.

(b-2) Shift Pulse

FIG. 7 1s a wavelorm diagram illustrating a shiit pulse
used in the shift operation of the domain wall memory of the
first embodiment. The horizontal axis of FIG. 7 corresponds
to time (a pulse width), and the vertical axis of FIG. 7
corresponds to a current value.

As 1illustrated 1n FIG. 7, the shift pulse SP 1s supplied
during a period TS (also referred to as a shift operation
period TS) of the shift operation.

The shift pulse SP 1s, for example, a current pulse and may
be referred to as a shift current SP.

The shift current SP includes a first pulse P1 and a second
pulse P2. The first pulse P1 (also referred to as a main pulse
P1) has a pulse width t,. The first pulse P1 has a current
value 1a. The second pulse P2 (also referred to as an
adjustment pulse P2) has a pulse width t ,. The second pulse
P2 has the current value 1a.

The current value 1a 1s equal to or larger than a threshold
1, (also referred to as a domain wall shift threshold 1,,) for
the movement of the domain wall. When a current having a
current value equal to or larger than the domain wall shait
threshold 1, 1s supplied to the magnetic body 50, the domain
wall (the magnetic domain) 1n the magnetic body 50 moves.
When the current value of the current supplied to the
magnetic body 50 1s smaller than the domain wall shift
threshold 1,,, the domain wall in the magnetic body 50 does
not move.

The pulse width t, 1s narrower than the pulse width t ;.
For example, the pulse width t , has a pulse width equal to
or less than 50% of the pulse width t ;.

For example, the pulse widths t,, and t , are values based
on the full widths at half maximum (FWHM) of the pulses
P1 and P2, respectively. The pulse widths t,, and t,, may be
values defined by other than the full width at half maximum.

The pulse width t , 1s set according to the time for moving
to a constriction area corresponding to the recess portion 519
<k+1> adjacent to the constriction area AR1 corresponding
to the recess portion 519 <k> having the domain wall DW
in the direction (Z direction) tlowing the shift current.

For example, the pulse width t,, (which corresponds to
the moving time of the domain wall DW) 1s set according to
a dimension DA (corresponding to the interval between the
recess portions 519) of the cell area AR2 1n the Z direction.
By using the moving time (of the domain wall DW and the
interval between two of the recess portions 519 (correspond-
ing to dimension DA, which also corresponds to the dimen-
s1on of the protrusion 510 along the moving direction of the
domain wall DW), the moving speed of the domain wall can
be obtained.

For example, when the movmg speed of the domain wall
at the current of current value 1a 1s defined as v,y, the
relationship of the moving speed, the pulse width, and the
dimension DA (dimension of the cell portions 510) between
the recess portions 519 1n the main pulse P1 of the current
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value 1a preferably satistfies the relationship: v, %t 2zDA.
The relationship of the moving speed, the pulse width, and
a dimension DB of the recess portion 519 in the adjustment
pulse P2 of the current value 1a preferably satisfies the
relationship: v, p;xt, ,<DB/2.

A period t,_, (also referred to as relaxation time t,_,) 1s
provided between the first pulse P1 and the second pulse P2.
The relaxation time t,_, depends on the time until the
magnetization reaches in the equilibrium state. In the relax-
ation time t,__,, as the magnetization reaches 1n the equilib-
rium state, the shifted domain wall DW 1s stabilized.

A certain period t_, (relaxation time t_,) 1s provided
between the supply of the second pulse P2 and the supply of
the shift current SP.

As such, in the present embodiment, the two pulses Pl
and P2 of the shift current SP have the same current value
1a but different pulse widths t,, and t ,

The domain wall memory of the present embodiment can
move the magnetic domain and the domain wall 1n the
magnetic body 50 by the shift current SP including the two
pulses P1 and P2.

FIG. 8 1s a wavelorm diagram illustrating a shift current
of the modification example of the domain wall memory of
the present embodiment.

As 1llustrated i FI1G. 8, so long as the current value of the
shift current SP 1s less than the domain wall shift threshold
1,, the shift current SP may have a current value 1c, which
1s greater than O, 1n the period (relaxation time) between the
two pulses P1 and P2.

The domain wall shift threshold 1, corresponds to a
current value that causes the domain wall to move (change).
When the current value of the current flowing in the mag-
netic body 50 1s less than the domain wall shift threshold 1,,,
then even 11 current 1s supplied to the magnetic body 50, the
domain wall does not move.

The current value 1c 1s larger than O but less than the
domain wall shift threshold 1,,.

Here, the two pulses P1 and P2 of the shift current SP have
pulse shapes for which the current value 1s continuously
greater than O.

(b-3) Mechanism

With reference to FIGS. 9 to 10C, a mechanism of the
shift operation in the domain wall memory of the first
embodiment 1s described.

FIG. 9 1s a flowchart illustrating a supply of the shift pulse
in the shift operation of the domain wall memory of the first
embodiment.

FIGS. 10A to 10C are schematic views illustrating a state
of the movement of the domain wall during the shait
operation 1n the domain wall memory of the present embodi-
ment. In FIGS. 10A to 10C, the reference symbols Q1, Q2,
and Q3 refer to probability distributions regarding of the
presence (location) of a certain domain wall (DW) 1n the
magnetic body. FIGS. 10A to 10C illustrate the magnetic
body 50 as having a plate-shaped constriction structure for
clanfication and simplification of description.

<Step SO>

During the shift operation of the domain wall memory of
the present embodiment, the supply of the shift current SP

including the plurality of pulses P1 and P2 starts.
<Steps S10 and S11>

As 1llustrated 1n FIG. 10A, the first pulse (main pulse) P1
having a certain current value (Ia>I,) 1s supplied to the
magnetic body 350 of the constriction structure. The main
pulse P1 has the pulse width t

The domain wall DW in the constriction area AR1 <k>
including a certain recess portion 519 moves in the protru-
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sion 510 (the cell area AR2) of the magnetic body 350 by the
supplied main pulse P1. The shift direction of the domain
wall DW 1s along the opposite direction (the moving direc-
tion of an electron €7) 1n relation to the direction in which
the main pulse P1 tlows in the magnetic body 50.

Resulting from the variation of the amount of movement
of the domain wall DW with respect to the supplied pulse,
the variation of the magnetic characteristics in the magnetic
body, and the like, the probability distribution (Q1) for the
position of the domain wall DW within a certain area has a
certain spread.

By the main pulse P1, the domain wall DW moves in the
constriction areca AR1 <k+1> adjacent to the constriction
areca AR1 <k> with the cell area AR2 <k> interposed
therebetween.

The supply of the main pulse P1 stops. Accordingly, the
shift operation temporarily enters a standby state in the
period t, , from the stop of the supply of the main pulse P1
to the start of the supply of the adjustment pulse P2. In the
magnetic body 50, the magnetic states of the protrusions 510
and the recess portions 519 move toward the equilibrium
state by the stop of the supply of the pulse P1.

At the relaxation time t_,, a moving domain wall DW1
converges on a portion (a portion having a smaller dimen-
s1ion) having a volume smaller than that 1n the magnetic body
50 to reach a more stable energy state.

Therelfore, the probability of the domain wall DW being
present 1n the constriction area AR1 <k+1> becomes high in
an area near a boundary between the constriction area AR1
<k+1> and the cell area AR2 <k> and an area near a
boundary between the constriction area AR1 <k+1> and the
cell area AR2 <k+1>.

<Step S12>

As 1llustrated 1n FIG. 10B, after the elapse of the relax-
ation time t,_,, the second pulse P2 1s supplied to the
magnetic body 30.

According to the pulse width t , of the adjustment pulse
P2, the domain wall DW moves from the constriction area
AR1 <k+1> to the cell area AR2 <k+1> side along the
opposite direction (the moving direction of the electron €7)
in relation to the traveling direction of the adjustment pulse
P2. The pulse width t , 1s smaller than the pulse width t ;.
Therefore, the shift amount of the domain wall DW by the
pulse P2 1s smaller than the shiit amount of the domain wall
DW by the pulse P1.

For example, when the domain wall DW 1s positioned
near the boundary between the constriction area AR1 <k+1>
and the cell area AR2 <k+1>, the domain wall DW 1s shifted
into the cell area AR2 <k+1>.

For example, when the domain wall DW 1s positioned
near the center portion of the constriction area AR1, the
domain wall DW 1s shifted to a portion near the boundary
between the constriction area AR1 <k+1> and the cell area
AR2 <k+1>.

<dStep S13>

The supply of the adjustment pulse P2 stops. Therefore,
the shift operation enters a standby state.

The magnetic domain and the domain wall DW reach an
equilibrium state.

At the relaxation time t ., when the domain wall 1s
present outside the constriction area AR1 <k+1> (that 1s, in
the cell area AR2 <k+1>), as illustrated in FIG. 10C, the
domain wall DW 1s shifted to a portion (a portion on the
recess portion 519 side) having a volume smaller than that
of the currently positioned portion for the stabilization of the
energy.
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As a result, the probability distribution Q3 of the presence
probability of the domain wall DW has the highest peak at
the end portion of the constriction area AR1 <k+1> on the
boundary between the area AR1 <k+1> and the areca AR2
<k+1>. The distribution Q3 for the domain wall DW after
the supply of the adjustment pulse P2 has the comparatively
smaller distribution width that of the distribution Q2.

As such, the domain wall memory 1 of the present
embodiment performs the shift operation by using the shift
current SP including the plurality of pulses P1 and P2.

Accordingly, the domain wall memory 1 of the present
embodiment can 1ncrease the probability of the domain wall
being 1n a certain area AR1 with the recess portion 519 as the
center. Therefore, the domain wall memory of the present
embodiment can reduce the vanation of the position of the
domain wall 1n a certain area AR1.

As a result, the domain wall memory of the present
embodiment can prevent the occurrence of the shift error of
the domain wall.

(b-4) Setting of Shiit Pulse

<Pulse Width>

With reference to FIGS. 11 A to 11C, in the shift operation
of the domain wall memory of the first embodiment, the
setting of the pulse width of the shift pulse 1s described.

FIGS. 11A to 11C are graphs illustrating relationships
between the pulse widths and the shift errors, respectively.

In FIGS. 11A to 11C, the vertical axis of each graph
corresponds to a shift error rate, and the horizontal axis of
cach graph corresponds to the pulse width of the shift pulse.

In FIGS. 11A to 11C, the magnetic body of the constric-
tion structure 1s used for verification. The interval between
the recess portions 1s set to 200 nm. The difference between
the dimension (the maximum dimension of the protrusion
510) of a portlon of a peak in the constriction and the
dimension (the minimum dimension of the recess portion
519) of a portion of a valley of the constriction 1s set to 25
nm.

Here, the pulse width of the shift current when the shift
operation (the movement of the domain wall between the
recess portions) 1s performed by using the shift current
including one pulse 1s denoted by “t ;. As an example of the
pulse width t ,, the pulse width t , 1s set to about 1 ns to 5
ns.

For example, the pulse widths t,, and t,, of two pulses
included in the shift current SP according to the first
embodiment have the relationship: t o=t +t ..

In FIGS. 11A to 11C, the values of the pulse widths of the
horizontal axes of the graphs indicate the pulse width t,, of
the pulse P1 of the shift current according to the present
embodiment and the pulse width t , of the shift current
including one pulse.

In each of FIGS. 11A to 11C, the pulse width t,, of the
pulse P2 of the shiit current according to the embodiment 1s
set to the predetermined value (for example, the value set
based on a proportion to the pulse width t , or the pulse
width t,)).

In FIG. 11A, the pulse width t, of the adjustment pulse
P2 1s set to about 30% of the pulse width t , in which a shitt
error rate (a line FE1) described below becomes the mini-
mum.

In FIG. 11B, the pulse width t , of the adjustment pulse
P2 1s set to about 15% of the pulse width t,, 1n which the
shift error rate (the line E1) described below becomes the
minimum.

In FIG. 11C, the pulse width t , of the adjustment pulse
P2 1s set to about 8% ot the pulse width t , in which the shitt
error rate (the line E1) becomes the minimum.




US 11,232,822 B2

17

In FIGS. 11A to 11C, the line E1 indicates the experi-
mental result of the shift operation using the shift current
including one pulse (the pulse width t ). In FIGS. 11A to
11C, the broken line 1ndicates the experimental result (s1mu-
lation result) of the shift operation using the shift current
including the two pulses P1 and P2 according to the present
embodiment.

As 1llustrated 1n FIGS. 11A to 11C, when the shift current
including the two pulses P1 and P2 as in the present
embodiment 1s used 1n the shift operation of the domain wall
memory, the shift error rate according to the present embodi-
ment becomes smaller than the shift error rate (the line E1)
of the shift operation of the domain wall memory using the
shift current including one pulse.

Based on the results on FIGS. 11 A to 11C, the pulse width

t,, of the adjustment pulse P2 1s desirably set, for example,
to be equal to or larger than 10% ot the pulse width t ,, and
equal to or lower than 50% of the pulse width t,, of the main
pulse P1.

For example, the pulse width t , of the adjustment pulse
P2 may be set to be equal to or larger than 10% of the value
t,o and less than 50% of the pulse width t , in relation to the
total value (pulse width) t , of the pulse width t,, of the
pulse P1 and the pulse width t,, ot the pulse P2.

The pulse width t, of the adjustment pulse P2 1s prefer-
ably set to be equal to or less than 40% of the pulse width
t,, of the main pulse P1 and more preterably set to be equal
to or less than 30%.

<Relaxation Time>

With reference to FIG. 12, in the shift operation of the
domain wall memory of the present embodiment, the setting
of the relaxation time of the shiit pulse 1s described.

FIG. 12 1s a graph 1llustrating a relationship between the
magnetic field and the moving speed of the domain wall.

In FIG. 12, the horizontal axis of the graph corresponds to
the size of an effective magnetic field of the magnetic body,
and the vertical axis of the graph corresponds to the moving
speed of the domain wall. In the graph of FIG. 12, relating
to three kinds of magnetic materials (materials 1, 2, and 3),
the relationship between the eflective magnetic field of the
magnetic body and the moving speed of the domain wall 1s
illustrated.

In the present embodiment, the size of the eflective
magnetic field of the recess portion (the magnetic body in
the constriction area) 1s assumed to be 1n a range (an area
800 surrounded by a dotted line 1n FIG. 12), for example,
from 200 Oe to 300 Oe.

As 1llustrated 1n FIG. 12, based on the estimated range
800 of the eflective magnetic field of the recess portion, as
the moving speed of the domain wall according to the
cllective magnetic field, the size of about 0.1 m/s to 1 m/s
can be obtained.

For example, the value of the 1deal relaxation time t__, and
t.~ 1s 50 ns or longer. In the relaxation time, the moving
distance of the domain wall according to the effective
magnetic field of recess portion (constriction area) of the
magnetic body becomes 50 nm or longer.

For example, when the relaxation time t,_, and t,_, 1s set
to 1 ms, the domain wall can move about 100 um to 1,000
um according to the eflective magnetic field (for example,
the eflective magnetic field of the recess portion) of the
magnetic body. Here, the position of the domain wall can be
put into the constriction area AR1.

In the present embodiment, the relaxation time t,_, and
relaxation t,__, during the shift operation are preferably 50 ns
to 1 ms.
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The size of the eflective magnetic field of the recess
portion in the magnetic body changes according to the

material of the magnetic body, the size of the constriction
formed in the magnetic body 50, and the dimension (the
dimension of the protrusion) between the recess portions.
Even when the effective magnetic field of the recess portion
changes according to the structure (shape) and the material
of the magnetic body, the preferable relaxation time can be
set considering the moving distance and the moving speed.

(c) Operation Example

With reference to FIGS. 13 and 14, the operation example
of the shift operation of the domain wall memory according
to the present embodiment 1s described. The shift pulse of
the domain wall memory according to the present embodi-
ment 1s applicable to the operation sequence including the
read operation and the operation sequence including the
write operation.

[Read Sequence]

FIG. 13 illustrates an example of the operation sequence
including the shift operation and the read operation in the
domain wall memory of the present embodiment.

In FIG. 13, the horizontal axis of the graph corresponds to
the time, and the vertical axis of the graph corresponds to the
current value of a current (I5,_,-) tlowing between the bit
line and the word line. In the graph of FIG. 13, the current
value 1s 1indicated as an absolute value. Here, the polarity of
the current 1, ;- when the current 15, _,,, flows from the bit
line to the word line i1s different from the polarity of the
current I, _;;» when the current 1, _;;, flows from the word
line to the bit line.

<Time T0a>

The external device (for example, the host device or the
controller) 2 sends a command and an address (in the
tollowing, referred to as a selected address) of an operation
target to the domain wall memory 1 of the embodiment. At
the time of the command of the read operation, the external
device sends the read command to the domain wall memory
1.

The domain wall memory 1 receives the read command
and the selected address.

At time T0q, the domain wall memory 1 starts the read
operation of the data in the memory cell unit (in the
following, referred to as a selected memory cell unit)
corresponding to the selected address based on the read
command. For example, by the read command, the data of
the plurality of memory cells MC 1n the selected memory
cell unit 1s continuously read.

<Time T1la and T2a>

As 1llustrated 1n FIG. 13, at time T1a, a switching current
Pa (also referred to as a switching pulse or a spike current)
1s supplied to the selected memory cell unit as a current
I, - tlowing between the selected bit line and the
selected word line according to the selected address. In the
memory cell unit to which the switching current Pa 1s
supplied, the switching element 20 1s turned on. Therefore,
the selected memory cell unit MU 1s set to the activation
state (selected state).

The switching current Pa has the current value 1a. Here,
the current value of the switching current Pa may be a value
different from the current value 1a. When the current value
of the switching current Pa 1s set to the same value as the
current value of the shift pulse SP, the circuit configuration
of the domain wall memory can be simplified.

The pulse width of the switching current Pa becomes
smaller than the pulse width of the adjustment pulse P2 of
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the shift current SP. Therefore, even 11 the switching current
Pa flows in the magnetic body 50, the movement of the
domain wall resulting from the switching current Pa does
not substantially occur.

After the supply of the switching current Pa (for example,
time T2a), as the current |15, ,,|, a hold current IHD 1s
supplied to the selected memory cell unit. The hold current
IHD has a current value 11 in which the switching element
20 can maintain the on state. The current value 11 1s lower
than the current value 1a of the switching current Pa and the
domain wall shift threshold 1,,.

Accordingly, the selected memory cell unit 1s set to a
conductive state 1n relation to the selected bit line BL.

<Time T3a and Tda>

After the selected memory cell unit 1s set to the activation
state, the supply (shift operation) of the shiit current SP for
the first cycle starts. The shifting circuit 160 supplies the
shift current SP to the selected memory cell unit MU.

At time T3a, the first pulse (main pulse) P1 of the shift
current SP 1s supplied from the bit line BL side to the
magnetic body 50 by the shifting circuit 160. The pulse P1
has the current value 1a. The main pulse P1 has the pulse
width t ;. The pulse width t , 1s the size of the tull width at
half maximum of the pulse P1.

In the period corresponding to the pulse width t,, the
current pulse P1 having the current value 1a flows in the
magnetic body 50 from the selected bit line BL to the
selected word line WL. The electrons move from the
selected word line WL along the selected bit line BL.
Accordingly, all the domain walls in the magnetic body 50
move along the moving direction of the electrons. The
domain wall DW 1s shifted from a certain constriction area
AR1 <k> into the next adjacent constriction area ARI
<k+1> 1n the magnetic body 50. For example, each domain
wall 1n the magnetic body 50 1s substantially simultaneously
shifted from the word line WL side to the bit line BL side.

For example, by the shift operation of the read sequence,
the magnetic domain (magnetization) 1s shifted from the
memory cell on the lower end side (the word line side) of the
selected memory cell unit MU to the memory cell MC on the
upper end side (the bit line side) of the selected memory cell
unit by one bat.

By the supply of the main pulse P1, the domain wall DW
has the distribution Q of the presence probability 1llustrated
in FIG. 10A and 1s disposed 1n the constriction area AR1
<k+1> of the movement destination.

After the elapse of the period corresponding to the pulse
width t,, from the start of the supply of the pulse P1 (tor
example, time T4a), the shifting circuit 160 decreases the
current value of the supplied current |15, ;- from the
current value 1s to the current value 11.

Accordingly, the supply of the main pulse P1 stops. By the
supply of the current IHD of the current value 11, the
switching element 20 maintains the on state.

<Time TSa and Téa>

After the elapse of the relaxation time t,_, from the stop
of the supply of the main pulse P1, at time TSa, the second
pulse (adjustment pulse) P2 of the shift current SP 1s
supplied from the selected bit line BL side to the magnetic
body 50 by the shifting circuit 160. The adjustment pulse P2
has the current value 1a. The pulse P2 has the pulse width t ,.
The pulse width t,, corresponds to the size of the full width
at hall maximum of the pulse P2.

By the supply of the adjustment pulse P2, the domain wall
DW 1s shifted to a portion near a boundary between the
constriction area AR1 and the cell area AR2 along the
moving direction of the electrons.
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Accordingly, the domain wall DW can be present in the
constriction area AR1 or 1n an area near a boundary between
the constriction areca AR1 and the cell area AR2 to have the
distribution Q of the presence probability as illustrated 1n

FIG. 10B.

After the elapse of the period corresponding to the pulse
width t_, from the start of the supply of the pulse P2 (for
exampl%,, time T6a), the shifting circuit 160 decreases the

current value of the supplied current |15, -l from the
current value 1a to the current value 11.

Accordingly, the supply of the pulse P2 stops. The switch-
ing element 20 maintains the on state by the hold current
[HD.

According to the present embodiment, the hold current
IHD flows in the magnetic body 50 during the relaxation
periods t_, and t_ .

By the supply of the hold current IHD, a leakage magnetic
field resulting from the hold current IHD or a small domain
wall moving force resulting from the hold current IHD 1s
generated 1n the magnetic body 50. The leakage magnetic
field resulting from the hold current IHD 1s applied to the
cllective magnetic field resulting from the constriction area
(recess portion). Accordingly, the relaxation periods t,_ ; and
t . are shortened. As a result, the speed of the memory
operation 1n the domain wall memory can be increased.

The magnetic domain (magnetization) moving in the
reading cell MCA 1n the shift operation works on the
magnetization of the storage layer 11 of the M1 element 10
via the magnetic layer 589. The direction of the magnetization
of the storage layer 11 1s set to the same direction as the
direction of the magnetization 1n the reading cell MCA.

As such, the shift operation of the first cycle 1n the read
sequence 1s completed.

For example, a certain period t,_, (referred to as relaxation
time t,_,) elapses from the stop of the supply of the pulse P2.

In the relaxation time t,__,, the presence probability of the
position of the domain wall DW converges on the end
portion of the constriction area AR1 as illustrated in the

distribution Q of FIG. 10C.

As such, according to the first embodiment, the variation
of the position of the domain wall after the supply of the shait
current 1s reduced.

<Time T7a and T8a>

In the first read cycle, after the shift operation, the reading
circuit 150 performs the read operation.

At time T7a after the elapse of the relaxation time t, ., the
reading circuit 150 supplies a read current (reading pulse)
PRD to the selected memory cell unit MU.

A current value 12 of the read current IRD 1s smaller than
a magnetization reversal threshold of the storage layer 11
and the domain wall shift threshold 1, of the magnetic body
50. The current value 12 1s larger than the current value 11.
For example, the read current IRD flows in the direction
from the word line WL to the bit line BL.

According to the magnetization arrangement of the ret-
erence layer 12 and the storage layer 11 in the MTJ element
10, the current value of the current flowing the selected bit
line BL and the potential of the bit line BL vary.

The reading circuit 150 senses the current value or the
potential on the bit line BL.

Based on the sensing result, the reading circuit 150 can
determine the data in the reading cell MCA.

Accordingly, 1in the first read cycle, data are read.

At time T8a, the reading circuit 150 decreases a current
value of the supplied current |1, ;.- | from the current value
12 to the current value 11.

As such, the first read cycle 1s completed.

Subsequent to the first read cycle, the second read cycle
1s performed.
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Same as the first read cycle, the shift operation in the
second read cycle 1s performed. By the shift operation, the

data 1s shifted in the reading cell MCA.

When the domain wall DW moves by the shift operation
using the shift current SP according to the present embodi-
ment, the varnation of the position of the domain wall DW
in the constriction area AR1 1s small. Therefore, in the shift
operation of the second read cycle, the variation of the
position of the shifted domain wall DW decreases.

As a result, in the domain wall memory of the present
embodiment, the shift error in the read sequence 1s reduced.

After the shift operation, 1n the second read cycle, the read
operation 1s performed 1n relation to the reading cell MCA
that stores shifted data.

As such, 1n the read sequence, the shift operation and the
read operation are repeatedly performed.

<Time T9a>

After a predetermined number of times of read cycle 1s
performed, at time 19a, the reading circuit 150 stops the
supply of the current |15, .| to the selected memory cell
unit. The current value of the current |15, ;| 1s set to zero.
Accordingly, the switching element 20 1s set to the off state.

As a result, the selected memory cell unit 1s set to the
deactivation state (non-selected state, the ofl state).

Accordingly, for the domain wall memory of the first
embodiment, the read sequence 1s completed.

| Write Sequence]

FIG. 14 illustrates an example of an operation sequence
(write sequence) including the shift operation and the write
operation in the domain wall memory of the present embodi-
ment.

In FIG. 14, the horizontal axis of the graph corresponds to
the time, and the vertical axis of the graph corresponds to the
current value (absolute value) of the current (115, ;1)
flowing between the bit line and the word line. FIG. 14
illustrates a current (the write current PWR) flowing the
write wiring. The write current has the positive polarity (the
positive current value) or the negative polarity (the negative
current value) according to the direction flowing the write
wiring WRL.

<Time T0h, T1h, and T25>

The external device 2 sends a write command, an address
of a data writing target, and data (write data) to be written
in the memory cell array 100 to the domain wall memory 1
of the embodiment.

For example, at time T0b, the domain wall memory 1
receives a write command, a selected address, and write
data.

The domain wall memory 1 starts the write sequence of
the data with respect to the memory cell unit (selected
memory cell unit) corresponding to the selected address
based on the write command.

For example, by the write command, the data 1s continu-
ously written 1n a plurality of memory cells 1n the selected
memory cell unit.

As 1llustrated 1n FIG. 14, in the same manner as 1n the read
sequence, at time T1b, the switching current Pa 1s supplied
to the selected bat line BL.. Accordingly, the selected memory
cell unit MU 1s electrically connected to the selected bit line
BL via the switching element 20 1n the on state.

After the supply of the switching current Pa (for example,
time T2b), the current value of the current supplied to the
selected memory cell unit MU 1s set to be equal to or larger
than the current value 11 of the hold current IHD of the
switching element 20.
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<Time T35 and T4bH>

After the selected memory cell unit MU 1s set to the

activation state, the shift operation of the first cycle in the
write sequence starts. The shifting circuit 160 supplies the
shift current SP to the selected memory cell unit MU.
The shift pulse SP of the shift operation of the write
sequence 1s substantially the same as the shift pulse SP of the
shift operation of the read sequence. Here, in the write
operation of the domain wall memory 1n a LIFO (last 1n, first
out) method, the shift current SP 1s supplied to the selected
memory cell unit MU, for example, to tlow from the word
line WL to the bat line BL.

At time T35, the main pulse P1 of the shift current SP 1s
supplied to the selected memory cell unit. The main pulse P1
has the current value 1a. The main pulse P1 has the pulse
width t ;.

In the period corresponding to the pulse width t,,, the
pulse P1 1s supplied to the magnetic body 50. Accordingly,
all of the domain walls in the magnetic body 50 move 1n the
moving direction (here, the direction 1s from the bit line side
to the word line side) of the electrons.

For example, by the shift operation of the write sequence,
the magnetic domain (magnetization) 1s shifted by one bit
from the memory cell (for example, the writing cell MCA)
on the upper end side (bit line side) of the selected memory
cell unit MU to the memory cell MC on the lower end side
(word line side) of the selected memory cell umit MU.

By the supply of the main pulse P1, the presence prob-
ability of the position of the domain wall 1n the constriction
area AR1 reaches the state illustrated in FIG. 10A.

For example, at time T4, the shifting circuit 160 stops the
supply of the main pulse P1. Accordingly, the current
I, ;| 1s set to the current value 11.

<Time T3b and T6bH>

After the relaxation time t,_, elapses from the stop of the
supply of the main pulse P1, at time T55b, the adjustment
pulse P2 of the shift current SP 1s supplied to the selected
memory cell unit MU. The adjustment pulse P2 has the
current value 1a. The adjustment pulse P2 has the pulse width
L 2
; At time t65b, the shifting circuit 160 decreases the current
value of the supplied current |1, ;.| from the current value
1a to the current value 11.

By the supply of the adjustment pulse P2, the domain wall
DW has the distribution of the presence probability 1llus-
trated 1n FIG. 10B and can be present in the constriction area
ARI1.

As 1llustrated in FIG. 10C, 1n a certain period (relaxation
time) t,_, from the stop of the supply of the adjustment pulse
P2, the position of the domain wall DW 1s shifted to the
inside of the constriction area AR1 (or a portion near the
constriction area AR1).

Accordingly, 1n the present embodiment, the variation of
the position of the domain wall after the supply of the shiit
current SP 1s reduced.

As such, the shiit operation 1n the first writing cycle of the
write sequence 1s completed.

<Time T7b and T85>

In the write sequence, subsequent to the shift operation,
the write operation 1s performed 1n relation to the selected
memory cell unit MU.

For example, at time 175, the writing circuit 140 supplies
the write current PWR to the write wiring WRL. The write
current PWR tlows 1n the write wiring WRL. Accordingly,
the magnetic field occurs around the write wiring WRL. The
direction of the magnetic field depends on the direction of

flowing the write current PWR.




US 11,232,822 B2

23

The direction 1n which the write current PWR tlows 1s set
according to the write data (data of *“1” or data of “0”). For
example, when the write current (for example, the write
current having the positive current value) having the first
polarity 1s supplied to the write wiring WRL, data of *“1” 1s
written 1n the writing cell. For example, when the write
current (for example, the write current having the negative
current value) having the second polarity different from the
first polarity 1s supplied to the write wiring WRL, data of “0”
1s written 1n the writing cell.

The magnetic field from the write wiring WRL 1s applied
to the magnetic layer 59. The direction of the magnetization
of the magnetic layer 59 1s set to the direction according to
the direction of the magnetic field.

The magnetization of the magnetic layer 39 works on the
magnetization (magnetic domain) of the writing cell MCA.
The direction of the magnetization of the writing cell MCA
1s the same as the direction of the magnetization of the
magnetic layer 59.

Accordingly, the write data 1s written 1n the writing cell
MCA 1n the selected memory cell umt MU.

As such, the write operation in the first writing cycle of
the write sequence 1s completed.

Subsequent to the first writing cycle, the second writing
cycle 1s performed.

Same as the first writing cycle, the shift operation 1n the
second writing cycle 1s performed. By the shift operation,
the data in the writing cell 1s shifted to the next adjacent
memory cell.

In the first writing cycle, when the domain wall DW
moves by the shift operation using the shift current accord-
ing to the present embodiment, the vanation of the position
ol the domain wall DW in the constriction area AR1 1s small.
Therefore, 1n the shift operation in the second writing cycle,
the vanation of the position of the shifted domain wall DW
becomes small.

As a result, 1n the domain wall memory of the present
embodiment, the shiit error in the write sequence 1s reduced.

As such, in the write sequence, the shift operation and the
write operation are repeatedly performed.

<Time T9bH>

After a predetermined number of times of the writing
cycle 1s performed, at time 196, the current value of the

current |1, | 1s set to zero. Accordingly, the switching
clement 20 1s set to the off state.

As a result, the selected memory cell unit 1s set to the
deactivation state (non-selected state, the ofl state).
Accordingly, the write sequence 1s completed.

(d) Summary

In the shift operation of the domain wall memory, the
domain wall 1n the magnetic body moves 1in the magnetic
body by the shift pulse.

When the domain wall moves in the magnetic body
having the constriction structure, since the domain wall has
a width of a certain size, the volume change rate of the
domain wall becomes small 1n a portion where the volume
in the magnetic body of the constriction structure becomes
the maximum value and/or a portion (and the vicimity area
thereol) where the volume becomes the minimum value.
Resulting from the volume change rate of the domain wall,
the domain wall hardly moves.

Therefore, 1n the shift operation, 1t 1s likely that the
domain wall may not be present at a target position.
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As aresult, in the domain wall memory, 1t 1s likely that the
shift error of the domain wall (magnetic domain) may

Increase.

In the domain wall memory of the present embodiment,
the shift pulse (shiit current) includes a plurality of pulses.
According to the present embodiment, during the shift
operation, two pulses having two different pulse wavelorms
are supplied to the magnetic body of the constriction struc-
ture with a certain period interposed therebetween.

The domain wall memory of the present embodiment
supplies the first pulse and moves the domain wall in the
constriction area to the adjacent constriction area in the
flowing direction of the shift current.

The domain wall memory of the present embodiment
supplies the second pulse after the elapse of a certain period
from the supply of the first pulse.

Accordingly, together with the adjustment of the position
of the domain wall, 1n the relaxation time after the supply of
the adjustment pulse, the domain wall 1s shufted to the area
having a smaller volume of the magnetic body.

Therelfore, the presence probability of the domain wall
converges to the comparatively narrow distribution in the
constriction area (or the vicinity area thereof).

As a result, the domain wall memory of the first embodi-
ment can prevent the occurrence of the shift error in the
operation sequence including one or more shiit operations.

Accordingly, the magnetic memory of the first embodi-
ment can improve the reliability of the operation.

(2) Second Embodiment

With reference to FIGS. 15 and 16, a magnetic memory of
the second embodiment and a control method thereof are
described.

FIG. 15 1s a wavelorm diagram indicating a pulse wave-
form of a shift pulse used 1n a shift operation of a magnetic
memory (for example, a domain wall memory) of the
present embodiment.

As 1llustrated 1n FIG. 15, relating to a shift current (shait
pulse) SPa, the current value 1a of the pulse P1 may be
different from a current value 1b of a pulse P2a.

For example, the current value 1a 1s larger than the current
value 1b. The current value 1b 1s lower than the current value
1a and equal to or larger than the threshold 1,,.

The amount of movement of the domain wall DW can be
set according to the current value (>1,,) and the pulse width
(supply time of the current) of the current. For example,
according to the reduction of the current value of the shait
current, the amount of movement of the domain wall
decreases.

When the current value 1b of the adjustment pulse P2a 1s
larger than the domain wall shift threshold 1., and smaller
than the current value 1a, considering the amount of move-
ment of the domain wall DW by the adjustment pulse P2a,
a pulse width t , , of the adjustment pulse P2a may be set to
the size equal to or larger than the pulse width t ), of the main
pulse P1.

When the shiit current SPa of the pulse wavetorm of FIG.
15 1s used for the shift operation of the domain wall memory
1, the presence probability of the domain wall DW can have
the comparatively narrower distribution in the constriction
arcas AR1 (or the vicinity area thereol) same as in the
examples of FIGS. 10A to 10C.

FIG. 16 15 a timing chart 1llustrating an operation example
of the domain wall memory of the present embodiment. FIG.
16 illustrates an example of the read sequence of the domain
wall memory of the present embodiment.



US 11,232,822 B2

25

As 1llustrated 1n FIG. 16, same as 1n the read sequence of
FIG. 13, the read sequence starts based on the read command

and the selected address. The switching element 20 1s set to
the on state. Accordingly, the selected memory cell unit MU
1s electrically connected to the bit line BL.

As described above, in the read sequence, the shift
operation and the read operation are repeatedly performed.

According to the present embodiment, the current value 1b
of the adjustment pulse P2a 1s diflerent from the current
value 1a of the main pulse P1. The current value 1b (>1,,) 1s
smaller than the current value 1a.

The pulse width t , , of the adjustment pulse P2a 1s set to
the same size as the pulse width t,, of the main pulse P1.

According to the present embodiment, when the pulse
widths of the two pulses P1 and P2a of the shift current SPa
are the same, the configuration of the circuit and the control
of the circuit used for the shift operation can be simplified.

The write sequence of the domain wall memory of the
present embodiment 1s performed by using the shift current
of FIG. 15 in substantially the same manner as the above
example (for example, FIG. 14) of the write sequence.

Accordingly, the magnetic memory of the second embodi-
ment can obtain the same effects as the first embodiment.

(3) Third Embodiment

With reference to FIGS. 17 to 18B, the magnetic memory
of the third embodiment and the control method thereot are
described.

FI1G. 17 1s a wavelorm diagram 1llustrating a pulse wave-
form of a shift pulse used for the shift operation of the
magnetic memory (for example, the domain wall memory)
of the present embodiment.

As 1llustrated in FI1G. 17, according to the present embodi-
ment, a shift current (shift pulse) SPb may include three or
more pulses P1, P2, and P3.

The main pulse P1 is provided between the two pulses P2
and P3.

The pulses P1, P2, and P3 have the current values equal
to or larger than the domain wall shift threshold 1,,. For
example, the current values of the pulses P1, P2, and P3 are
the same. Here, the current values of the three pulses P1, P2,
and P3 may be diflerent from each other.

A pulse width t 5 of the pulse P3 1s smaller than the pulse
width t,, and equal to or larger than the pulse width t ,
Here, the pulse width t,; may be smaller than the pulse width
s

In the shiit operation using the shift current SPb of FIG.
17, betore the pulse P1 having the pulse width t  , the pulse
P3 having the pulse width t ; smaller than the pulse width t
1s supplied to the magnetic body 50.

FIGS. 18A and 18B are schematic views illustrating an
operation example of the domain wall memory of the
present embodiment.

For example, when the memory cell unit (magnetic body)
1s not activated over a long period, 1t 1s likely that the
position of the domain wall DW changes.

Therelore, as 1llustrated in FIG. 18A, 1t 1s likely that the
distribution of the presence probability of the domain wall
changes over time to distribution Qa wider than distribution
Qz immediately after the shift operation.

According to the present embodiment, when the adjust-
ment pulse P3 1s supplied to the magnetic body 50 before the
supply of the pulse P1, as illustrated in F1G. 18B, the domain
wall 1s shifted in the constriction area AR1 and 1n an area
near a boundary between the constriction area AR1 and the

cell area AR2.
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In the relaxation time from the stop of the supply of the
adjustment pulse P3 to the start of the supply of the main
pulse P1, the domain wall 1s shifted to a magnetic area
having a smaller volume.

As a result, the position of the domain wall DW 1s
adjusted to converge on the constriction area AR1 1n the
magnetic body 50 or 1n an area near a boundary between the
constriction area AR1 and the cell area AR2. Accordingly,
the presence probability of the domain wall DW can have
comparatively narrow distribution Qb.

After the supply of the adjustment pulse P3, as described
above (for example, see F1IGS. 10A to 10C), the domain wall

1s shifted by the main pulse P1. After the shift of the domain
wall between constriction areas, the position of the domain
wall 1n the constriction area of the movement destination 1s
adjusted by the adjustment pulse P2.

According to the present embodiment, in the operation
sequence 1n which a plurality of operations are repeatedly
performed at a comparatively short cycle like the above read
and write sequence, the adjustment pulse P3 1s supplied
before the supply of the main pulse P1. Here, before the
cllective movement of the domain wall DW by the main
pulse P1, the position of the domain wall DW 1n the
constriction area AR1 1s adjusted.

As a result, the vanation of the position of the domain
wall shifted by the main pulse P1 is reduced.

Accordingly, by the adjustment pulse P3 supplied before
the main pulse P1, the shift of the domain wall DW by the
pulse P1 and the adjustment of the position of the domain
wall DW by the pulse P2 can be highly precisely performed.

According to the present embodiment, when the current
value of the pulse P3 1s smaller than the current values of the
pulses P1 and P2, according to the amount of movement of
the domain wall by the pulse P3, the pulse width t ; may be
set to be smaller than the pulse width t , or be equal to or
larger than the pulse width t ;.

The magnetic memory of the third embodiment can obtain
the same eflects as the other embodiments.

(4) Fourth Embodiment

With reference to FIG. 19, a magnetic memory of a fourth
embodiment and a control method thereof are described.

FIG. 19 1s a wavetorm diagram 1llustrating a pulse wave-
form of a shiit pulse used 1n a shiit operation of the magnetic
memory (for example, the domain wall memory) of the
fourth embodiment.

As 1llustrated 1n FI1G. 19, the adjustment pulse P3 may be
supplied to the magnetic body 50 only before the supply of
the main pulse P1. According to the present embodiment, the
adjustment pulse 1s not supplied to the magnetic body 50
aiter the supply of the pulse P1.

After the position of the domain wall DW 1s adjusted, the
domain wall DW moves between the constriction areas AR1
via the cell area AR2.

By the adjustment of the position of the domain wall DW
betore the movement of the domain wall DW, the variation
of the position of the domain wall DW after the supply of the
pulse P1 1s comparatively reduced, for example, as illus-
trated i FIG. 10C.

As a result, the magnetic memory of the fourth embodi-
ment can obtain the same eflects as the above embodiments.

(5) Fiith Embodiment

With reference to FIGS. 20 to 21B, a magnetic memory
of the fifth embodiment and the control method thereof are
described.
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FIG. 20 1s a wavelorm diagram 1llustrating a pulse wave-
form of a shift pulse used for a shift operation of the

magnetic memory (for example, the domain wall memory)
of the present embodiment.

As 1llustrated in FIG. 20, a shift pulse (shift current) SPd
may also include the plurality of current pulses P1 and P2d
having the different polarity.

The main pulse P1 has the positive current value 1a. The
adjustment pulse P24 has a negative current value —1x.

An absolute value |1x| of the current value of the adjust-
ment pulse P2d 1s an absolute value 1al of the current value
of the main pulse P1 or lower and an absolute value [ith| of
a domain wall shift threshold or higher.

The direction (the moving direction of the electron €7) in
which the adjustment pulse P2d flows in the magnetic body
50 1s opposite 1n relation to the direction 1n which the main
pulse P1 flows i the magnetic body 50. The moving
direction of the electron €~ during the supply of the adjust-
ment pulse P2d 1s opposite 1n relation to the moving direc-
tion of the electron ¢~ during the supply of the main pulse
P1.

FIGS. 21A and 21B are schematic views illustrating a
state 1n which a domain wall moves during the shiit opera-
tion 1n the domain wall memory of the present embodiment.

As 1llustrated 1n FIG. 21 A, by the supply of the main pulse
P1, the domain wall DW moves from one end side (B1 side)
of the magnetic body 50 to the other end side (B2 side) of
the magnetic body 50. Accordingly, the domain wall DW
can be disposed 1n the presence probability illustrated 1n the
distribution Q1 1n the constriction area AR1 <k+1> of the
movement destination.

As 1llustrated 1n FIG. 21B, after the supply of the main
pulse P1, the domain wall DW moves by the supply of the
adjustment pulse P24 from the other end side (B2 side) of
the magnetic body 50 to one end side (B1 side) of the
magnetic body 50.

The domain wall DW moving to the other end B2 side of
the magnetic body 50 by the main pulse P1 returns to the one
end B1 side of the magnetic body 50 by the adjustment pulse
P2d.

By the supply of the adjustment pulse P2d, like distribu-
tion Q2x of the presence probability of the domain wall DW,
the position of the domain wall DW 1s adjusted to converge
on the range of the constriction area AR1 including the
recess portion 319.

As such, the magnetic memory of the fifth embodiment
can obtain the same eflects as the above embodiments.

(6) Modification Example

With reference to FIGS. 22 to 26, a modification example
of the magnetic memory of the fifth embodiment 1is
described.

FIG. 22 1s a schematic view illustrating a modification
example of a magnetic body 1n a memory cell unit of the
magnetic memory of the fifth embodiment.

As 1llustrated 1n FIG. 22, the magnetic body 50 may
include portions 520 and 530 each having certain dimen-
sions 1n the intersecting direction 1n relation to the moving
direction of the domain wall which do not change.

For example, in the tubular magnetic body 50, the por-
tions 520 are provided 1n the cell arecas AR2. The portions
520 are included 1n the protrusions (cell portions) 510.

The portion 520 has dimension DX 1n the moving direc-
tion (here, the Z direction) of the domain wall. The portion
520 has dimension (diameter) D4 in a direction (here,
parallel direction in relation to the front surface of the
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substrate 9, for example, the X direction or the Y direction)
intersecting to the moving direction of the domain wall. The
dimension D4 of the portion 520 1s substantially constant 1n
the 7 direction.

The portions 530 are provided in the constriction areas
AR1. The portions 530 are included in recess portions
(constriction portions) 319a¢ having a certain dimension
(volume).

The portion 530 has a dimension DZ 1n the Z direction.
The portion 530 has a dimension (diameter) D5 in the
parallel direction in relation to the front surface of the
substrate. The dimension D5 of the portion 530 1s substan-

tially constant 1n the Z direction.
For example, the dimension D5 1s smaller than the dimen-

sion D4. For example, the dimension DZ 1s smaller than the

dimension DX.
Between the portions 520 and the portions 330, dimen-

s10ns 1n the parallel direction in relation to the substrate front

surface of the magnetic body 50 decrease or increase.

FIG. 23 1s a schematic view illustrating a modification
example of the magnetic body 1n the memory cell unit of the
domain wall memory of the embodiment.

As 1llustrated in FIG. 23, portions 320aq having the
constant dimension D4a 1n the cell areas AR2 of the plate-
shaped magnetic layer 50 may be provided. Portions 530a
having constant dimension D3¢ may be provided in the
constriction areas AR1 of the plate-shaped magnetic body
50.

The portion 520aq has dimension DXa in the moving
direction of the domain wall. The portion 530a has dimen-
sion DZa in the moving direction of the domain wall.

The dimension D4a of the portion 520a and the dimen-
s10n D5a of the portion 330q are substantially constant 1n the
moving direction of the domain wall.

For example, the dimension D5aq 1s smaller than the
dimension D4a. For example, the dimension DZa 1s smaller
than the dimension DXa.

Even when the magnetic body (domain wall moving
layer) 50 of the memory cell unit has the structure of FIG.
22 or 23, the eflect substantially the same as the eflects of the
domain wall memories of the above embodiments can be
obtained.

FIG. 24 1s a schematic view illustrating a modification
example of the memory cell array of the domain wall
memory of the embodiment.

As 1llustrated 1n FIG. 24, the write wiring WRL {for
writing data may be provided on a word line side.

For example, 1n the memory cell array including the
magnetic body 30 extending in the 7Z direction, the write
wiring WRL 1s provided on the lower end side of the
magnetic body 30.

The memory cell on the most word line side of the
magnetic body 50 1s used as a writing cell. Here, the memory
cell on the most bit line side of the magnetic body 1s used as
a reading cell without being used as a writing cell.

For example, the write wiring WRL 1s adjacent to a
writing cell on the lower end side of the magnetic body 50
in the Y direction.

The magnetic field resulting from the write current sup-
plied to the write wiring WRL 1s applied to the writing cell.
The direction of the magnetization in the writing cell 1s set
according to the direction of the magnetic field. Accordingly,
data 1s written in the writing cell.

During the writing and the reading of the data, the data 1n
the memory cell 1s shifted from the word line side to the bit
line side.
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For example, the domain wall memory having the
memory cell unit of FIG. 24 functions as a domain wall shift
memory (for example, a shift register) of a first-in, first-out
(FIFO) method.

FIG. 25 1s a schematic view illustrating a modification
example of the memory cell array of the domain wall
memory of the embodiment.

With respect to the domain wall memory of FIG. 25, data
1s written 1n the magnetic body 50 by the STT method.

The MTJ element 10 on the magnetic layer 59 1s used as
a recording element (writing element) together with being
used as a reproducing element.

Here, the write wiring for a magnetic field writing method
1s not provided in the memory cell array 100.

During the write operation, a write current (writing pulse)
PWRx 1s supplied to the M1 element 10. According to the
data written to the writing cell, the write current PWRX
flows 1n the direction from the bit line BL to the word line

WL or flows in the direction from the word line WL to the
bit line BL..

The directions of the magnetization 1n the storage layer 11
and the magnetic layer 59 are controlled by spin torque
resulting from the write current PWRx tlowing 1n the MTJ
clement 10. According to the direction of the magnetization
ol the magnetic layer 59, the direction of the magnetization
of the writing cell 1s set.

Accordingly, the direction of the magnetization of the
writing cell 1s controlled according to the write data.

As such, write data 1s written 1n the memory cell unit by
writing of the data 1n the STT method.

The current value of the write current PWRX 1s larger than
the current value of the read current PRD. In order to avoid
an umntended shift operation by the write current PWRx and
an unintended write operation by the shift current SP, the
pulse shape (that 1s, at least one of the current value and the
pulse width) of the write current PWRX 1s appropriately set.

For example, the domain wall memory of FIG. 235 func-
tions as the domain wall shift memory (the shift register) in
a LIFO (last 1n, first out) method.

FIG. 26 1s a schematic view illustrating a modification
example of the memory cell array of the domain wall
memory of the embodiment.

As 1llustrated 1n FIG. 26, an MT1J element 10W for writing
in the STT method may be provided on the lower end side
(word line side) of the magnetic body 50.

The MTJ element 10W 1s provided between the magnetic
body 50 and the word line WL.

The MTJ element 10W 1ncludes a storage layer 11W, a
reference layer 12W, and a nonmagnetic layer (tunnel barrier
layer) 13W. The storage layer 11W 1s provided between the
word line WL and the lower end (bottom portion) of the
magnetic body 50. The reference layer 12W 1s provided
between the storage layer 11W and the word line WL. The
tunnel barrier layer 13W 1s provided between the storage
layer 11W and the reference layer 12W.

For example, the storage layer 11W 1s 1n direct contact
with the magnetic body 50. Here, the magnetic layer may be
provided between the storage layer 11W and the magnetic
body 50. When the magnetic layer 1s provided between the
storage layer 11W and the magnetic body 50, this magnetic
layer 1s 1n direct contact with the storage layer 11W and the
magnetic body 30.

The memory cell on the most word line side of the
magnetic body 50 1s used as the writing cell. Here, the
memory cell on the most bit line side of the magnetic body
1s used only as the reading cell.
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During the write operation, the write current flows
between the MTJ element 10W and the magnetic body 50.
The flowing direction of the write current depends on the
data being written 1n the writing cell. The direction of the
magnetization of the storage layer 11W 1s controlled by the
spin torque resulting from the write current PWRx. Accord-
ing to the direction of the magnetization of the storage layer
11W, the direction of the magnetization of the writing cell
can be set.

In order to provide reliability 1n view of the operation, the
characteristics (for example, the magnetization reversal
threshold of the storage layer) of the MTJ element 10W as
the recording element may be different from the character-
istics of the MTJ element 10 as the recording element.

For example, the domain wall memory of FIG. 26 func-
tions as the domain wall shift memory (shift register) of a
FIFO (first 1n, first out) method.

In the domain wall memories of the modification
examples of FIGS. 24, 25, and 26, the magnetic bodies 50
may be plate-shaped magnetic layers.

In the shift operations of the domain wall memories of
these modification examples, shift pulses (shift currents)
including the plurality of pulses are used.

Accordingly, the domain wall memory of the modification
example can obtain substantially the same eflects as the
domain wall memories of the above embodiments.

(7) Others

In the above embodiments, as the device using the shift
operation of the domain wall 1n the magnetic body, a
magnetic memory (for example, a domain wall memory or
a domain wall shift memory) 1s provided. However, any
device that can use a shiit pulse (shift current) including a
plurality of pulses as described 1n at least one embodiment
for a shift operation of a domain wall 1n a magnetic body,
then the present disclosure can be applied thereto and the
present disclosure 1s not limited to magnetic memory.

A method of controlling the devices of the above embodi-
ments 1s not limited to a shift operation of a domain wall 1n
a magnetic memory. If the device 1s a device using a shait
operation of a domain wall 1n a magnetic body, the methods
of controlling the devices of the present disclosure may be
applied to a method (operation) of controlling a device other
than magnetic memory.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied 1n a variety of other forms; furthermore, various
omissions, substitutions and changes i1n the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claiams and their equivalents are intended to cover such
forms or modifications as would fall within the scope and
spirit of the inventions.

What 1s claimed 1s:
1. A magnetic memory, comprising:
a magnetic body including:
a first portion that has a first dimension 1n a {first
direction,
a second portion that has the first dimension and spaced
from the first portion 1n a second direction, and
a third portion that has a second dimension, which 1s
greater than the first dimension, in the first direction
and 1s between the first portion and the second
portion 1n the second direction; and
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a circuit configured to supply a shift pulse to the magnetic
body to move a domain wall 1n the magnetic body
along the second direction, wherein

the shift pulse comprises a first pulse and a second pulse,

the first pulse has a first pulse width,

the second pulse has a second pulse width less than the
first pulse width,

the second pulse 1s after the first pulse;

a first current value of the first pulse 1s equal to or greater
than a second current value of the second pulse,

the first pulse has a first polarity, and

the second pulse has a second polarity different from the

first polarity.
2. The magnetic memory according to claim 1, wherein

the first current value 1s greater than the second current
value.

3. The magnetic memory according to claim 1, wherein

the shift pulse further comprises a third pulse before the
first pulse, and

the third pulse has a third pulse width less than the first
pulse width.

4. The magnetic memory according to claim 1, wherein

the circuit supplies a first current to the magnetic body 1n
a period between the first pulse and the second pulse,
and

the first current has a current value greater than zero but
less than a current value of the first pulse.

5. The magnetic memory according to claim 1, wherein

the magnetic body 1s on a substrate, and

the second direction 1s orthogonal to a surface of the
substrate.

6. The magnetic memory according to claim 1, wherein

the magnetic body 1s on a substrate, and

the second direction 1s parallel to a surface of the sub-
strate.

7. A magnetic memory device, comprising:

a magnetic body including:

a plurality of first portions that have each a first
dimension 1n a first direction, the first portions being,
spaced from each other along a second direction
intersecting the first direction, and

a plurality of second portions that have each a second
dimension 1n the first direction that 1s larger than the
first dimension, each second portion being between
an adjacent pair of first portions 1 the second
direction; and

a circuit configured to supply a shift pulse to move a
domain wall 1in the magnetic body along the second
direction, wherein

the shift pulse comprises a first pulse and a second pulse,

the first pulse having a first pulse width,

the second pulse having a second pulse width that 1s less
than the first pulse width,

the first pulse 1s supplied to the magnetic body betore the
second pulse 1s supplied to the magnetic body, and

a first current value of the first pulse 1s equal to a second
current value of the second pulse.
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8. The magnetic memory device according to claim 7,
wherein
the shift pulse further comprises a third pulse that is
betfore the first pulse, and
the third pulse has a third pulse width less than the first
pulse width.
9. The magnetic memory device according to claim 7,
wherein

the circuit supplies a first current to the magnetic body 1n
a relaxation period between the first pulse and the
second pulse, and
the first current has a current value greater than zero but
less than a current value of the first pulse.
10. The magnetic memory device according to claim 7,
wherein

the magnetic body 1s on a substrate, and

the second direction 1s orthogonal to a surface of the
substrate.

11. The magnetic memory device according to claim 7,

wherein

the magnetic body 1s on a substrate, and

the second direction 1s parallel to a surface of the sub-
strate.

12. A magnetic memory storage device, comprising:

a plurality of word lines extending 1n a first direction;

a plurality of bit lines extending in a second direction;

a plurality of magnetic bodies extending in a third direc-
tion perpendicular to the first and second directions,
cach magnetic body extending between a bit line of the
plurality of bit lines and a word line of the plurality of
word lines and including:

a first portion that has a first dimension,

a second portion that has the first dimension and 1is
spaced from the first portion 1n the third direction,
and

a third portion that has a second dimension and is
between the first portion and the second portion 1n
the third direction, the second dimension being
greater than the first dimension; and

a circuit configured to supply a shift pulse to the plurality
of magnetic bodies via the bit lines and word lines to
move a domain wall of a magnetic body of the plurality
of magnetic bodies along the third direction, wherein

the shitt pulse comprises a first pulse and a second pulse,

the first pulse has a first pulse width,

the second pulse has a second pulse width less than the
first pulse width,

the second pulse 1s after the first pulse,

the first pulse has a first polarity, and

the second pulse has a second polarity different from the
first polarity.

13. The magnetic memory storage device according to

claim 12, wherein

the shift pulse further comprises a third pulse betfore the
first pulse, and

the third pulse has a third pulse width less than the first
pulse width.
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